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SUMMARY 


A program has been conducted at the Douglas Aircraft Company of the McDonnell 
Douglas Corporation, under NASA Langley Contract NASI - 1 6857, to develop the 
technology for critical structural joints of a composite wing structure 
meeting design requirements for a 1990 commercial transport aircraft. The 
prime objective of the program was to demonstrate the ability to reliably 
predict the strength of large bolted composite joints. To this end, the 
experiments fell into one of two classes. The ancillary test program, of 
180 specimens, generated data on strength and load-deflection characteristics 
which provided the input to the joint analysis. The load sharing between the 
fasteners in multirow bolted joints was computed by the nonlinear analysis 
program A4EJ. That program was used both to assess the efficiency of 
different joint design concepts and to predict the strengths of 20 additional 
large structural joints. In most cases, the predictions were accurate to 
within a few percent of the test results. In a few cases, the observed mode 
of failure was different than that anticipated - almost all such instances 
involved delaminations of the splice plates rather than the stronger net-section 
or bearing failures. After-the-fact reanalysis of these cases was also found 
to be accurate enough for design purposes. The real highlight of the testing 
of these large structural joints (representing a strip from a wing root chord- 
wise splice) was the consistent ability to achieve gross-section failure 
strains on the order of 0.005. That represents a considerable improvement over 
the prior state of the art. The improvement was attained largely as the result 
of the better understanding of the load sharing in multirow joints provided 
by the program A4EJ (developed under U.S. Air Force Contract F 336 15-79-C-3212) , 
building upon the knowledge acquired during the earlier NASA Langley contract, 
NAS 1-13172, on bolted joints in fibrous composite structures. Both tensile and 
compressive loads were tested and the bolt diameters were 1/4 inch, 1/2 inch, 
and 3/4 inch. The typical load intensity on the structural joints was about 
40 to 45 thousand pounds per inch (with a 37 1/2 percent 0-degree plies, 

50 percent ±45-degrees and 12 1/2 percent 90-degrees, all thoroughly inter- 
spersed and not bunched together. The composite materials are Toray 300 fiber 
and Ciba-Geigy 914 resin, in the form of 0.010 inch unidirectional tape. 
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reduction factor and compliance coefficient 
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1.0 INTRODUCTION 


The safe and efficient use of advanced composite materials in primary aircraft 
structure has become a major topic of research. The principal objective of this 
investigation is to develop and demonstrate the technology for critical structural 
joints of a composite wing structure that meets all the design requirements of a 
1990 commercial transport aircraft. 

To fulfill this objective, procedures were developed for joint design and analysis. 

A series of ancillary tests were performed to characterize composite bolted joint 
behavior and provide empirical data for the analysis formulas. In addition to 
single-bolt tests, a series of subcomponent joint specimens were tested and the 
results were compared with analytical predictions for multirow joints of the same 
configurations. The agreement between test and analysis results was found to 
be very good, and the A4EJ computer analysis program was established as an effective 
tool for the design and analysis of multirow bolted joints in composite structures. 

The work was conducted by Douglas Aircraft Company at Long Beach, California, under 
contract to NASA Langley Research Center. Significant work on which this research 
was based includes an earlier NASA Langley contract on small bolted coupon tests 
in which the failure mechanisms and strengths for composite laminates adjacent 
to bolt holes were characterized empirically (Reference 1). That work, in turn, 
was followed by a recent contract with the U.S. Air Force Flight Dynamics Laboratory 
at Wright Patterson AFB, Ohio, in which one task was to develop the A4EJ nonlinear 
computer program for load-sharing in multirow bolted joints (Reference 2). 

The analysis of load transfer through mechanically fastened joints in fibrous 
composite laminates must inevitably rely upon some empirically derived input 
based on test results. This is so because fiber-reinforced resins do not fall 
as homogeneous one-phase materials, although they are usually modeled as such, but 
as heterogeneous materials with two distinct phases and an interface. As shown 
in Figure 1, the efficiency of real composite bolted joints lies roughly halfway 
between analytical predictions based on purely elastic and perfectly plastic 
behavior. Analysis based on either extreme does not come close to predicting the 
strength of these single-row bolted joints, and either extreme would not be 
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acceptable for design purposes without some form of major modifications. 

All analyses of composite bolted joints rely on an empirical correlation 
factor in some form or other. In the case of the A4EJ analysis program, the 
correlation is achieved by modifying the theoretical elastic stress concen- 
tration factor at each bolt hole. The stress concentration factor is reduced, 
on the basis of test results, to reflect a failure mechanism which starts 
with fiber pull-out from the resin over a finite length in the most highly 
strained areas and proceeds through delaminations around the bolt holes before 
any fibers are broken. 


JOINT 

STRUCTURAL 

EFFICIENCY 

[P/(F tu wt)J 



d/w 

RATIO OF BOLT DIAMETER TO STRIP WIDTH 


FIGURE 1. RELATION BETWEEN STRENGTHS OF BOLTED JOINTS IN DUCTILE, FIBROUS COMPOSITE 
AND BRITTLE MATERIALS 
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The need to characterize this failure mechanism of bolted joints in composites 
is one of the reasons why bolted joints of various sizes were tested in the 
ancillary test program which preceded the subcomponent testing 

discussed in this report. Another reason for the testing was the need to 
acquire load deflection, or stiffness, measurements to permit determination 
of the load-sharing between the various fasteners. These test results have 
shown that an old NACA formula for the stiffness of bolted joints in metal 
structures (Reference 3) needed only a minor modification to account for the 
different moduli associated with orthotropic composite laminates. 


The stiffness and failure data generated on single fastener joints were used 
successully to predict the failure load of various structurally configured 
multirow bolted joints. This report describes all of the analysis work and 
test results associated with the subcomponent test program. Discussions of 
the development of analytical methods and the evaluation of multirow bolted 
joint performance are included. Finally, the report presents a summary of the 
multirow joint test results, the A4EJ analysis predictions for joint strength 
and load distribution, and the correlation between the two for each configu- 
ration. 
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2.0 TEST SPECIMENS 


2.1 MATERIALS 

Subcomponent joint test specimens were fabricated from laminates made of 
carbon-epoxy unidirectional tape consisting of Toray high-strength T-300 
fibers and Ciba-Geigy 914 resin. This material system was selected for 
several reasons. The 914 resin was found to have a more extensive data base 
than most of the so-called "tough resin" systems. It has also been shown to 
exhibit good handling characteristics for layup. The T-300 generic fiber is 
in widespread use throughout the industry. For this program, it was supplied 
as 10 mil tape which consisted of two plies of 5 mil tape combined by the 
vendor during the preimpregnation process. 

The decision to use "thick" plies was made in consideration of the cost 
savings associated with minimizing the number of plies and layup operations 
required for thick, composite wing skin structure. This also reduced the 
fabrication costs of our test program. It should be noted that the use of 
thicker plies places additional restrictions on the minimum gage of balanced 
laminates. Certainly for thin-skinned secondary structure, thinner plies 
would be preferred. Titanium bolts and steel shear nuts were standard 
throughout the test series except where noted. 

2.2 LAMINATE PATTERN SELECTION 

Two fiber patterns were selected for the overall porgram, including ancillary 
testing. One was pseudo-isotropic pattern A consisting of 25-percent 0-degree, 
50-percent + 45-degree, and 25-percent 90-degree plies. Pattern B consisted 
of 37.5-percent 0-degree, 50-percent + 45-degree, and 12.5-percent 90-degree 
plies. The latter was chosen on the basis of its higher stiffness in the wing 
bending direction and is a likely candidate for highly loaded wing skin structure. 
Prior test programs have shown that both fiber patterns perform close to the 
maximum joint efficiency that is attainable (Reference 1). In addition, 
based on ancillary test data, both patterns exhibit virtually equal bearing 
strengths and loaded hole tension strengths, while the unloaded hole strengths 
vary proportionally with the unnotched laminate allowables. 
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Balanced layup sequences provided 0-degree fibers at the laminate surfaces to 
facilitate load transfer to the bonded end fitting doublers. Only + 45-degree 
angle changes were permitted between adjacent plies except at the laminate 
midplane of symmetry. These constraints were aimed at avoiding induced 
microcracks which may occur between stacks of unidirectional plies. Such 
microcracks are known to cause edge delamination problems which cause a 
reduction in static compression strengths and a significant loss of fatigue 
life under tensile loading. 

2.3 FABRICATION 

The subcomponent test specimens were constructed from large flat panels that 
were laid up and cured for each fiber pattern and laminate thickness. A 
special cure cycle was developed to minimize exotherm effects. Sufficient 
dwell times at several hold temperatures allowed any heat generated by the 
continuous reaction to dissipate throughout the panel. The pressure and 
caul plates were 1/2 inch thick 7075-T6 aluminum reinforced with angle bars. 

The tendency of thick laminates to be thicker in the central region of the 
panel due to plate bending (at 350°F and 100 psi) warranted these thicker 
pressure plates. 

The completed panels were C-scanned to insure that no voids or warpage had 
taken place. The panels were then cut to the proper geometry for each joint 
configuration. Carbide tipped drills and reamers were used to drill the 
fastener holes. A diamond tipped boring bit was used for the large end holes 
in the thick material. The bolt holes in the test section were drilled with 
the three joint members clamped together to insure proper hole alignment. 

Bolts for the sleeved interference fit specimens had a lead taper ground on the 
bolt shank to facilitate bolt installation. In addition, the bolts and sleeves 
were treated with an Ann-Ro surface preparation and lubrication process to reduce 
the force required to drive the bolts through the expansion sleeves. The 
installation procedure was apparently successful for all bolt sizes. 

Tapered joint members were fabricated by machining or milling the surface of 
uniformly thick panels to the proper dimensions. Spot faces were used to 
accommodate the fasteners on the surfaces of tapered members and were achieved 
with standard machine tools. 
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2.4 CONFIGURATIONS 


The subcomponent test program consisted of four basic multirow joint configu- 
rations to be tested for static strength in double shear for both tensile and 
compressive loading. The selection of joint geometries was based on the 
results of a series of preliminary analysis cases using the A4EJ program. 

The entire series of static strength test specimens is described in Table I. 

TABLE I 

SUBCOMPONENT TEST PROGRAM - SPECIMEN DESCRIPTION 


COMPONENT 

LOAD TYPE 

NO. OF SPECIMENS 
CLEARANCE INTERFERENCE 

FIT FIT 

SPECIMEN 

COOE 

BOLTS PER 
SPECIMEN 

d 

(IN.) 

t 

LAM 

(IN.) 

w 

(P) 

(IN.) 

w/d 

(p/d) 


TENSION 

COMPRESSION 

2 

1 

2 

1 

JT4CF 

IF 

JC4CF 

IF 

4 

0.500 

0.832 

2.15 

4.30 

DIBJSia 



TENSION 

COMPRESSION 

3 

1 

1 

1 

JT8CF 

IF 

JC8CF 

IF 

8 

0.375/ 

0.437 

0.832 

2.15 


BIBHBDia 



TENSION 

COMPRESSION 

1 

1 

1 

1 

JT12CF 

IF 

JC12CF 

IF 


0.750 

0.996 

9.00 

(3.00) 



TENSION 

COMPRESSION 

1 

1 

1 

1 

JT24CF 

IF 

JC24CF 

IF 

24 

0.500/ 

0.625 

0.996 

6.00 

(2.00) 

1 

■ 


In addition to these specimens, there were three specimens designed to measure 
hole wearout in fatigue loading. Table II contains a list of detailed drawings. 

All of the multirow joint specimens were fabricated from laminates of the 
Pattern B layup sequence (37.5% 0°, 50% +45°, 12.5% 90°). This pattern was 
chosen because it was considered more representative of high aspect ratio 
composite wing skin structure. The three hole wearout specimens were made 
from the pseudo-isotropic layup Pattern A. 
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TABLE II 

SUBCOMPONENT TEST SPECIMEN DESIGNATION 


DRAWING NO. 

SPECIMEN 

CONFIGURATION 

SPECIMEN 

CODE 

ZJ011263 


HOLE WEAROUT 

ZJ011264 

- 1 

JT12CF 



- 501 

JT12IF 



- 503 

JC12CF 



- 505 

JC12IF 



- 507 

JT24CF 



- 509 

JT241F 



- 511 

JC24CF 

ZJOI 

1264 

- 513 

JC24IF 

ZJOI 

1265 

- 1 

JT4IF 



- 503 

JT4CF 



- 507 

JC4IF 



- 511 

JC4CF 



- 501 

JT8IF 



- 505 

JT8CF 



- 509 

JC8IF 



- 513 

JC8CF 

ZJOI 

1265 

- 515 

JT8CF #3* 


*Reworked 
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2.4.1 4-Bolt Joint (ZJ011265) 


The 4-bolt specimen is a two-row joint with uniformly thick splice plates as 
shown in Figure 2. The central skin and splice plates are 0.832-inch-thick 
and 0.50-inch-thick, respectively. With a width of 2.15 inches and 0.50-inch 
diameter bolts, the w/d ratio is 4.30. The interference fit fastener system 
for this configuration consisted of a 7/16 inch bolt driven into a steel 
sleeve which was 1/32-inch-thick. Strain gages were mounted at the center 
of both edges on the two splice plates to monitor gross-section strain 
levels throughout the test. 

Each of the subcomponent test specimen configurations included at least one 
specimen fabricated with interference fit fasteners. Figure 3 describes 
the general arrangement and specific dimensions of the interference fit 
fastener system used throughout the test program. The steel sleeves extended 
beyond the outer laminate surfaces to provide a uniform bolt bearing surface. 
Washers which were thicker than this extension were used to avoid "bottoming 
out" of the bolt head against the sleeve so that the clamp-up forces were 
applied directly to the composite joint members. 

2.4.2 8-Bolt Tapered Joint (ZJ011265) 

The 8-bolt joint is a single column specimen with four rows of bolts on each 
side. The splice plates are tapered linearly from just beyond the inner bolt 
row to the ends of the splice, as shown in Figure 4. The central skin 
thickness for this specimen was 0.832 inch. The splice plate thickness ranged 
from 0.50 inch at the center of the joint down to 0.06 inch at the tip. There 
were a total of six specimens tested in this configuration, four of them in 
tensile loading. All but one had 3/8- inch-diameter bolts for the first three 
rows, and 7/16-inch-diameter bolt at the interior rows. One specimen was 
reworked so that the first three rows of bolts were 7/16-inch-diameter, while 
the interior rows contained 1/2 inch bolts. All specimens used titanium bolts 
with the exception of the reworked specimen which had steel bolts of the larger 
sizes. The tapered surfaces of the splice plates were spot-faced to permit 
proper seating of the bolt heads and nuts. With a panel width of 2.15 inches, 
the nominal w/d ratios were 5.75 for three rows and 4.92 for the inner row. 

The corresponding values for the reworked specimen were 4.92 and 4.30. 
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FIGURE 2. 4-BOLT SUBCOMPONENT JOINT SPECIMEN CONFIGURATION 



GRIP LEN&TH t.O\b 



FIGURE 3. INTERFERENCE FIT FASTENER SYSTEM 


































FIGURE 4. 8-BOLT SUBCOMPONENT JOINT SPECIMEN CONFIGURATION 






Of the six specimens in this configuration, one tension and one compression 
specimen were fitted with interference fit fasteners. The 3/8 inch bolts were 
replaced by 1/32-inch- thick sleeves which were filled with 5/16 inch bolts. 

The same sleeve thickness was used in 7/16 inch and 1/2 inch holes along with 
3/8 inch and 7/16 inch bolts, respectively. 

Four of the six 8-bolt specimens were equipped with 18 strain gages mounted 
along the length of the joint on both sides of the central skin member and 
one splice member. These gages were located midway between the bolt rows. 
Additional gages were mounted away from the bolts in all three member to 
verify the lack of bending deformations. 

2.4.3 12-Bolt Joint (ZJ011264) 

The 12-bolt joint configuration was similar to the 4-bolt specimen, using 
uniformly thick splice plates with the fasteners arranged in two rows and 
three columns as in Figure 5. The base laminate was 1 .0-inch- thick, with 
splice plate thicknesses of 0.67 inch. The fasteners were 3/4-inch-diameter 
bolts spaced 3.0 inches between columns across the overall width of 9.0 inches. 
The p/d ratio (pitch-to-diameter) was 4.0. The interference fit specimen used 
5/8-inch-diameter bolts driven through 1/16-inch- thick steel sleeves to fill 
the 3/4 inch bolt holes. Strain gauges were mounted on the splice members as 
in the 4-bolt configuration. 

2.4.4 24-Bolt Tapered Joint (ZJ011264) 

A 24-bolt specimen was tested in a similar configuration to the 8-bolt specimen. 
The fasteners were arranged in four rows and three columns, with tapered splice 
plates as shown in Figure 6. The central skin member was 1.0-inch-thick. The 
splice plate thickness was 0.67 inch at the center, tapering down to 0.12 inch 
at the tips. The interior rows of bolts were 5/8- inch- diameter, while the rest 
were 1/2-inch-diameter. The specimen was 6.0-inches-wide leaving a p/d ratio 
of 3.2 at the interior rows, and 4.0 for the outer three rows. The interference 
fit specimens of this configuration used 7/16 inch bolts with a sleeve 1/32- inch- 
thick, and 1/2 inch bolts with a sleeve thickness of 1/16 inch. The splice plate 
surfaces were machine tapered and spot-facing was used to provide flat surfaces 
for the fastener heads and nuts. 
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FIGURE 5. 12-BOLT SUBCOMPONENT JOINT SPECIMEN CONFIGURATION 
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FIGURE 6. 24-BOLT SUBCOMPONENT JOINT SPECIMEN CONFIGURATION 



Each of the 24-bolt specimens had 18 strain gages mounted along the length 
of one side of the joint to monitor internal loads. The gages were located 
between the rows of bolts and in the cross-section away from the bolts on 
the central skin member and one splice member. 

2.4.5 Hole Wearout Specimen (ZJ011263) 

The hole wearout specimens were 0.50 x 2.00 inch in cross section with a 
1/2 inch bolt through each end. The two bolts were loaded in double shear by 
steel plates at each end of the specimen. The pseudo-isotropic Pattern A was 
used for all three specimens. The specimen configuration is shown in Figure 7. 

2.4.6 Load Introduction - Subcomponent Joints 

The load introduction technique for the subcomponent tension joint is 
illustrated in Figure 8. For the 4-bolt and 8-bolt joints, the end joint 
was sufficiently wider than the test section to avoid the need for additional 
reinforcement at the ends. However, Ine higher loads and geometric limitations 
associated with the larger 12-bolt and 24-bolt joints indicated that such 
reinforcement was required. This added strength was provided by tapered 
aluminum doublers which were bonded to each of these specimens to reinforce 
the pin loaded hole. 

An end joint proof test specimen was fabricated to insure that the design was 
sufficient to carry the high load intensities of these joints. The specimen 
(Figure 9) was successfully loaded to 400,000 pounds in tension, indicating 
that the end joint design was satisfacoty. The specimen is shown in Figure 10 
as it was mounted in the test machine. 

Compression specimens were loaded through standard potted ends as shown in 
Figure 11. The ends were machined flat and parallel to stabilize and align 
the specimens. 
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FIGURE 7. HOLE WEAROUT SPECIMEN CONFIGURATION 
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FIGURE 8. LOAD INTRODUCTION - SUBCOMPONENT TENSION JOINTS 
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FIGURE 10. END JOINT PROOF TEST 
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FIGURE 11. LOAD INTRODUCTION - SUBCOMPONENT COMPRESSION JOINTS 



3.0 SUBCOMPONENT JOINT TESTS 


3.1 TEST PROCEDURES 


The subcomponent joint specimens were tested at room temperature using two 
different test machines, depending on the specimen configuration. The 4-bolt 
and 8-bolt specimens with one column of bolts and 0.832-inch-thick skins were 
tested in a 100,000 pound capacity servo-hydraulic MTS test machine. The 
larger 12-bclt and 24-bolt joints with three columns of bolts and 1.0-inch- 
thick skins required more load capacity and were tested in a 1,100,000 pound 
Baldwin test machine (Figure 10). Tension specimens were loaded through the 
combination of pin loading and clamping forces on the end fittings. Compression 
specimens were loaded directly through the potted ends with spherical loading 
heads used to assure specimen alignment in the test machine. The compression 
specimens were stabilized across the centerline of each side to prevent an 
Euler buckling failure of the joint occurring prior to a true compression 
failure. All specimens were loaded to failure using the stroke control 
(machine head travel) mode of loading. 


Single channel, axial foil, resistance strain gages were bonded to each 
specimen at various locations throughout the joint, depending on the configu- 
ration. Strains were recorded at intervals of 20 percent of the predicted 
limit joint strength, and in 10 percent intervals thereafter until failure. 

In addition to strain gage readings, plots of joint applied load versus 
machine head travel were recorded when possible. 


Spectrum load data for the hole fatigue wearout specimens was fed into the 
MTS machine load control system by magnetic tape. No additional instrumentation 
was required. 

3.2 TEST RESULTS 

The most significant results of the subcomponent test program was the consistent 
ability to reach gross-section strains on the order of 0.005 in large composite 
bolted joints, for both tensile and compressive loading. Throughout the series 
of tests a variety of failure modes were encountered, some of which were 
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unanticipated. Of these, the most troublesome was the delamination of the 
outer plies of tapered splice members in tension tests which induced a pre- 
mature tension failure of the splice plates at a reduced thickness. Some 
specimens experienced excessive bolt bending which occasionally led to 
bolt failure, prior to the anticipated failure of the laminate. 

Subcomponent compression tests also displayed various modes of failure. The 
phenomena associated with these failures (to be explained in subsequent 
discussions) further verify the importance of interlaminar stresses in the 
performance of bolted composite joints under compressive load. Failure of 
the compression joint splice members under bearing-bypass load levels below 
that of initial predictions suggests the existence of a new failure mode, 
the source of which shall also be discussed. 

The entire set of test results is presented in Tables III through VII, 
including ultimate loads, strain levels, and a brief description of the 
failure modes. Strain gage data and load deflection curves from each test 
(if available) are contained in Appendix A. 
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TABLE III 

4-BOLT TENSION AND COMPRESSION TEST RESULTS 
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TABLE VII 

HOLE WEAROUT TEST RESULTS 
Drawing ZJ011263 


1 Spectrum repetition = 57,849 cycles/profile 
30 reps. = 1,735,470 cycles = 2 lifetimes 


Specimen Number 

1 

2 

3 

Gross Area (in?) 
at Hole 1 
at Hole 2 

1.001 

0.9945 

1.0124 

0.9886 

1.006 

0.9934 

Initial Brg 
Area (in?) 
Hole 1 

11 — 1^ O 

nuic c. 

0.2507 

0=2485 

0.2531 

0.2474 

0.2520 

0.2491 

Peak Loads (lbs) 
Max 
Min 

m i 

m 

26,955 

-4,579 

Initial Clearance 
1 
2 

.0020 

nnoi 

. UUL 1 

.0028 

firm 

• V W I 

.0022 
= 0022 

Peak Brg Stress (ksi) 
1 
2 

m 

78.823 

80.639 

m 

Total Cycles 
(Mi 1 lions) 

1.7355 

1.7355 

0.3653 

Hole Clearance 
After Test (in) 
1 

2 

0.0021 

0.0030 

0.0033 

0.0041 

0.0662 

0.0362 

"Wear" 

1 

2 

I 

■ 

0.0005 

0.010 

0.064 

0.034 

Clamping 
Torque (in-lb 

40 

40 

40 (3 reps) 
100 (to fail) 
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3.2. 1 Tension Tests 


3. 2. 1.1 4-Bolt Tension Tests 

The JT4 test series was characterized by extensive bolt bending, and of the 
four tests in this configuration, three were ultimately critical in the 
fasteners. These specimens were designed to fail the net-section in the 
central skin members, and the failure modes resulting from insufficient bolt 
stiffnesses were not anticipated, or predicted. Adequate cosideration of 
the bolt diameter- to-laminate thickness ratio (or more appropriately, bolt 
bending stiffness-to-laminate thickness ratio) is warranted for future joint 
design to assure that the fasteners are not the weak link. 

Specimen number JT4CF-503-1 was a clearance fit specimen and the first to be 
tested in this configuration. The failure was initiated by severe bending of 
the 1/2 inch bolts which resulted in failure of the castellated shear nuts 
(at a gross-section stress of 40,030 psi and gross-section strain of .0047) 
which could not withstand the induced tension load on the fasteners. With 
the consequent loss of clamp-up on those bolts, they were then dragged through 
the splice plates, with the massive damage shown in Figure 12. The two 
interference fit specimens of this configuration (JT4IF-1-1, 2) exhibited 
essentially the same failure mode. The combination of high bending and induced 
tension loads on the fasteners (7/16 inch for interference fit) led to either 
a failure of the threaded connection between nut and bolt or a combined bending- 
tension failure of the fastener. The two interference fit specimens are shown 
in Figure 13. The interference fit fastener systems were typically bent more 
severely than clearance fit fasteners for the same size bolt hole. Gross- 
section stresses at failure for the two specimens were 39,240 psi (-1) and 
38,850 psi (-2). In an attempt to surpress the bolt bending failure mode, 
specimen number JT4CF-503-2 was equipped with larger tension nuts to resist 
the loads induced by the now anticipated bolt bending. This modification 
was sufficient to maintain the integrity of the fasteners long enough to 
fail the joint at the outer row of bolts in net-tension, as was originally 
predicted. Figure 14 shows that this joint also suffered extensive bolt 
bending before a net-section failure occurred at a gross-section stress of 
42,150 psi and strain of 0.005. 
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FIGURE 12. 4-BOLT TENSION SPECIMEN - JT4CF- 503-1 
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FIGURE 13 (a). 4-BOLT TENSION SPECIMEN - JT4IF-1- 





FIGURE 13 (b). 4-BOLT TENSION SPECIMEN - JT4IF-1- 
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FIGURE 14. 4-BOLT TENSION SPECIMEN - JT4CF-503-2 


In general, this series of tests exemplified the need to avoid using 
inadequately stiff fasteners in order to minimize their weight, solely 
on the basis of apparent shear strength. The bending of bolts should also 
be avoided because of its effect on laminate bearing strengths. As a 
bolt which is too small bends, it relieves the through-the-thickness 
clamp-up on the composite laminate which, in turn, drastically reduces the 
bearing strength of the laminate on the surface. This results in 
delaminations at local bearing stresses as low as those for simple shear 
pins - only about half of the strength for torqued bolts of larger diameter. 
The initial delaminations resulting from this phenomenon are visible in 
Figure 14, the effects of which will be discussed in subsequent sections of 
this report. 


3. 2. 1.2 8-Bolt Tension Tests 

The tapered, double- lapped, 8-bolt joint tests all resulted in an unanticipated 
mode of failure. These joints were designed to fail in a high-bypass, low 
bearing load combination with a net- tension failure at the outer row of 
fasteners in the central skin member. Despite the additional reinforcement 
of the splice plates to stiffen them up and so modify the bolt load distribution 
favorably, most of the failures occurred in the splice plates rather than in the 
skins which, being in the middle of the sandwich, had greater allowable strengths. 
A frequent failure mode associated with the machine-tapered doublers was the 
delamination of the splice plates, as shown in Figures 15 and 16. The prime 
cause of that mode of failure was believed to be the spot facing for the bolt 
heads, nuts, and washers. Tapered washers would be preferred in the future. 
However, the possibility remains that the delaminations were initiated at 
small cracks on the surface due to machining, and it should be noted that such 
tapered laminates have been laid up and cured net by other investigators. 


For three of the four specimens, the failure occurred when a delamination 
originating at the second row of bolts propagated beyond the fourth row. 

This reduced (by approximately 50 percent) the effective area of the splice 
members for carrying bypass loads at that most highly loaded row of bolts. 

A net-section failure at the reduced thickness followed instantaneously. In 
addition to premature splice plates failures, these specimens were also 


33 



34 


FIGURE 15. 8-BOLT TENSION SPECIMEN - JT8CF- 505-1 
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FIGURE 16. 8-BOLT TENSION SPECIMEN - JT8CF-505-2 



subjected to extensive bolt bending. Specimen number JT8CF-505 shown in 
Figure 17 was reworked to 1/16 inch larger bolt sizes, and stiffer, steel 
bolts were used in place of titanium. This greatly reduced the amount of 
bolt bending which also limited the apparent damage due to delaminations 
of the splice plate external surfaces and theoretically increased the overall 
strength of the joint. However, the splice delaminations followed by a net- 
section failure at a reduced thickness was still the mode of failure. Strains 
at failure ranged from 0.0036 to 0.0048, depending on the onset and propagation 
rate of the surface delaminations in the splice members, regardless of 
fastener diameter. 

The JT 81 F specimen shown in Figure 18 was the interference fit specimen for 
this configuration. As was the case for the 4-bolt joint, these fasteners 
were substantially less stiff in bending, resulting in extensive bolt bending 
and splice delaminations. The test was stopped when one fastener (third from 
the end) failed due to the high bending and induced tension loads. 

These tests demonstrated the ineffectiveness of machine tapered doublers with 
spot facing for the fasteners. None of these specimens reached their anticipated 
ultimate strengths, but they did generally perform as the analysis predicted. 
Improved design and manufacturing concepts should allow subsequent joints of 
this type to reach their predicted strengths, showing the high level of 
efficiency expected for this configuration. The delamination failure mode 
encountered by all of the JT8 specimens precludes a direct comparison between 
tested and predicted strengths. However, several of these specimens were 
equipped with strain gages (as previously described) to monitor joint internal 
loads throughout the test. These readings were used to generate histories 
of the bolt load distributions at increasing load levels, and are compared 
to analysis solutions later in this report. Appendix A contains the strain 
gage readings and load-deflection curves for this series of tests. 

3. 2. 1.3 12-Bolt Tension Tests 

There were two specimens of the 12-bolt configuration tested for tensile loading, 
and a different failure mode was observed for each of them. A tension- through- 
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FIGURE 17. 8-BOLT TENSION SPECIMEN - JT8CF-515 




FIGURE 18. 8-BOLT TENSION SPECIMEN - JT8IF-501 






the-hole failure has been predicted at the outer row of fasteners in the 
central skin member. This is consistent with the appearance of the failed 
(clearance fit) specimen, with a clean textbook fracture at a gross stress 
of 39,330 and a gross section strain of .0042 as shown in Figure 19. The 
specimen performance was essentially linear to failure, with no evidence of 
bolt bending during the test. 

The interference fit specimen used 5/8 inch bolts with 1/16 inch-thick-sleeves 
to fill the 3/4 inch bolt holes. The lower bending stiffness of the inter- 
ference fit fasteners was again evident in this test, when at a load level of 
340-345 kips, the bolts began to yield in bending. This specimen is shown in 
Figure 20. The joint could sustain but not accept an increase in load 
above 350 kips and the test was stopped. The load level being so close to 
that of the clearance fit specimen suggests that a net- tension failure was 
nearly achieved. Strain gage data from these two tests may be found in 
Appendix A. 


It should be noted that the 12-bolt clearance fit specimen and one of its 
4-bolt counterparts were the only two subcomponent tension joints to fail with 
clean, net- section failures in the central skin as was originally intended. 
Various other failure modes prevented this for the rest of the tension specimens. 


3. 2. 1.4 24-Bolt Tension Tests 

The 24-bolt joint specimens were similar to the 8-bolt joints in both configu- 
ration and performance. The clearance fit specimen (JT24CF) shown in Figure 21 
failed at an applied gross stress of 43,170 psi (.0047 gross-section strain), 
when delaminations in the splice members propagated beyond the inner row of 
bolts and a net-tension failure occurred through the reduced thickness. The 
onset of these initial delaminations has not been analyzed. In any case, it 
would be more fruitful to learn how to design joints not subject to this 
phenomenon, which is believed to have been induced by the spot faces at the 
bolt holes as was the case for the 8-bolt joints discussed earlier. 
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FIGURE 19. 12-BOLT TENSION SPECIMEN - JT12CF- 



FIGURE 20. 12-BOLT TENSION SPECIMEN - JT12IF-501 
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FIGURE 21. 24-BOLT TENSION SPECIMEN - JT24CF-507 


The presence of bolt bending persisted in these specimens, though to a much 
lesser extent than in previous single column tests. For the interference 
fit specimen, the inferior ability of the sleeve bolts to resist bending 
loads prompted a change from titanium to steel bolts for this test. 

This modification did provide more bolt stiffness throughout the joint, but 
the same failure mode persisted - splice plate delaminations followed by 
secondary net-tension failure, as shown in Figure 22. The failure stress of 
44,170 psi and .0049 gross-section strain were somewhat higher than the 
clearance fit joint, but still falls well within the experimental scatter that 
could be expected when the mode of failure is conditioned by such delaminations. 

Despite the emergence of these unforeseen failure modes, these specimens did 
attain 90 percent of the predicted joint strengths. One might infer from 
this that there are small but significant benefits to be realized by improving 
the detailed design or fabrication of such splices. But beyond this reasoning, 
the lack of any credible method of predicting these surface delaminations of 
the splice plates warrants the development of a design which precludes such 
failures altogether. Plans for future work include an investigation into 
tapered splice plate design and fabrication concepts. 

3.2.2 Compression Tests 

3.2. 2.1 4-Bolt Compression Tests 

Two subcomponent joint specimens were tested in this configuration under 
compressive loading. The first was the JC4CF (clearance fit) specimen, but 
the gross stress at failure of -35,440 psi is misleading. The specimen was 
tested without the lateral buckling supports that were supposed to be used for 
all compression tests. The joint failed when it began to buckle laterally, 
delaminating the outer plies of one splice plate on the compression side, as 
shown in Figure 23. The 1/2-inch-diameter bolts had also begun to bend. Care 
was taken throughout the remaining compression tests to insure that the lateral 
support devices were properly in place. 
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FIGURE 22. 24-BOLT TENSION SPECIMEN - JT24IF-509 




FIGURE 23 (b). 4-BOLT COMPRESSION SPECIMEN - JC4CF-511 (Continued) 
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The failed JC4IF (interference fit) specimen shown in Figure 24 failed at an 
even lower gross stress of -32,650 psi. The failure occurred when one splice 
plate began to delaminate immediately inside one of the interior bolt rows. 
Although a catastrophic failure had not yet occurred, the specimen was not 
able to withstand an increase in load and the test was stopped. (Note that 
had the tests been run with load control rather than stroke control, the 
failure would most likely have been instantaneous.) Appendix A contains 
strain readings and load-deflection curves for these tests. 

3. 2. 2. 2 8-Bolt Compression Tests 

One clearance fit and one interference fit specimen were tested in the 8-bolt 
tapered joint configuration. The failed JC8CF specimen shown in Figure 25 
reached a gross stress of -41,930 psi with a gross-section strain of -.0048. 
The observed failure was by compressive delamination of the splice plates at 
the innermost bolts, initiated immediately in front of the bolts, where the 
bearing and bypass loads combine. A significant amount of nonlinear behavior 
(bolt bending and bearing deformation) had taken place prior to failure. This 
failure mode is not surprising since the central skin member should have much 
higher compression allowables than the splice plates because of the clamp-up 
support the splices provide. In fact, this type of failure was prevalent 
throughout the compression tests series. 

The JC8IF specimen in Figure 26 (a) did not perform as well as expected. 

The failure occurred when one splice plate delaminated at about mid- thickness 
in the central gross-section away from the bolt holes. Whether or not a 
flaw existed prior to the test is unknown, but the failure mode shown in 
Figure 26 (b) does not appear related to the presence of a joint. The failure 
strain for this joint was 0.0041, substantially lower than its clearance 
fit counterpart. Specific test data is contained in Appendix A. 


47 



FIGURE 24 (a). 4-BOLT COMPRESSION SPECIMEN - JC4IF-507 
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FIGURE 24 (b). 4-BOLT COMPRESSION SPECIMEN - JC4IF-507 (Continued) 
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FIGURE 26 (b). 8-BOLT COMPRESSION SPECIMEN - JC8IF-509 (Continued) 
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It should be noted that the JC8CF ultimate load of 75,000 pounds exceeds that 
of identical joints tested for tensile loads. This trend was typical through- 
out the test program, although the premature splice plate failures under tensile 
load prevents a true comparison between joints with tapered splices. 

3. 2. 2. 3 12-Bolt Compression Tests 

The 12-bolt clearance fit and interference fit compression specimens reached 
gross-section strains of -0.0036 and -0.0032, respectively. The mode of 
failure was the same for both tests as shown in Figures 27 and 28, the damaqe 
looking much the same as that of the JC8CF specimen. The failures occurred in 
the splice members on the bearing load side of the inner row of bolts with 
massive delamination and buckling of plies, commonly associated with laminate 
compression failures. The damage was located not actually across the net- 
section, but in most cases just inside the inner bolt rows. The central skin 
members remained essentially intact. Some bolt bending did take place in both 
specimens, more so in the interference fit joint which at this point was 
expected. The more severe bolt bending of the JC12IF joint is believed to 
have triggered the earlier failure of that specimen. A more detailed discussion 
on the cause of these failures is contained in the test/analysis correlation 
section, and strain gage data from the tests is given in Appendix A. 

3.2. 2. 4 24-Bolt Compression Tests 

The two 24-bolt specimens closely followed the behavior of the 12-bolt joints 
as the same compression failure mode persisted. The JT24CF specimen shown in 
Figure 29 (a) failed at a gross stress of -49,500 psi and gross-section strain of 
-0.0062. Figures 29 (b) presents a close-up photograph of the damaged area, clearly 
showing the compression failure occurring across the splice members immediately 
inside the last row of bolts. A similar failure occurred in the JT24IF specimen 
as shown in Figure 30 at a gross stress of -50,330 psi. It is believed that 
this type of failure will be typical of composite multirow bo,lted joints loaded 
in compression and efforts to improve performance should be made in considera- 
tion of this phenomenon. 
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FIGURE 29 (a). 24-BOLT COMPRESSION SPECIMEN - JC24CF-5I1 




FIGURE 29 (b). 24-BOLT COMPRESSION SPECIMEN - JC24CF-511 (Continued) 
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These compression joints were loaded to levels above the tested and predicted 
strengths of the identical tension specimens, and the same holds true for the 
12-bolt joints. A direct comparison is deceptive, however, because the 
critical location for tension loading is theoretically the central skin 
member while in compression the splice members are critical. Strain gage 
readings for these two tests are presented in Appendix A. 

3.2.3 Hole Wearout Tests 

A total of three specimens (ZJ011263) were fabricated and tested to measure 
the effects of fatigue loading on hole wearout. The results of these tests 
are presented in Table 6. The first two tests were completed with no 
significant hole elongation. Specimen Number 1 was tested through two life- 
times with a peak hole bearing stress of 53,200 psi which represented 80 percent 
of limit load. Having completed the test with virtually no damage to the first 
specimen, the peak stress was increased for specimen Number 2 to 79,700 psi - 
approximately limit load - and still very little elongation took place. For 
specimen Number 3 the peak stress level was raised to about 107,600 psi and 
evidence of hole damage was noted after the third profile repetition (173,547 
spectrum cycles) at which time the nominal light bolt torque of 40 inch-pounds 
was increased to 100 inch-pounds and loading was continued. At 365,315 cycles the 
computer control was unable to track the specimen and the test was concluded 
with a change in hole dimensions in the load direction of 0.063 and 0.034 inch 
for the two holes. This specimen was working to approximately 90 percent of the 
ultimate bearing stress allowable for peak tension loads. 

The only anomaly in this test series was the hole sizes. The drawing had called 
for approximately 0.006 inch clearance fit holes, however, good quality close 
fit (2-3 mil clearance) holes were supplied. Therefore, the "pounding" effect 
of loose tolerance holes possible during routine manufacture was not obtained. 

It would be desirable in the future to test possible bearing 'fatigue strength 
reductions due to clustered plies and higher percent zero degree plies as well 
as for excessive hole clearances. 
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4.0 ANALYSIS METHODS DEVELOPMENT 


In the first phase of the test program, 180 single-hole ancillary specimens 
were tested in a variety of configurations for both tensile and compressive 
loading These tests examined loaded and unloaded holes, 

various laminate thicknesses and bolt diameters, and considered single and 
double shear joints. The tests were conducted to develop a sufficient data 
base to be used for analytically predicting the behavior of large multirow 
bolted joints in composites. The influence of various phenomena on the 
performance of composite bolted joints was examined, though several important 
parameters warrant future investigation, such as the effects of flush head 
fasteners bolted through exterior skins. 

The ancillary test program generated load-deflection curves to failure, 
characterizing both the linear and nonlinear range of behavior. A typical 
load deflection curve for a composite single bolted joint (w/d = 8) is shown 
in Figure 31. This particular specimen failed in bearing and the large amount 

d = 0.50 IN., w = 4.0 IN., t = 0.50 IN. 
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of nonlinear behavior due to hole elongation was typical of this failure 
mode. Even the tension- through the hole failures exhibited an observable 
amount of nonlinear behavior. This was the result of either bearing 
deformation of the fastener hole (many of these specimens reached or exceeded 
the characteristic bearing yield stress) or plastic bending of the bolt 
prior to failure. An example of this load-deflection behavior for a narrow 
specimen (w/d = 3) is shown in Figure 32, where a double shear tension specimen 
had begun to yield in bearing before finally failing in the net-section. 

d = 0.50 IN., w = 1.50 IN., t = 0.50 IN. 



FIGURE 32. LOAD DEFLECTION CURVE, DOUBLE-SHEAR TENSION TEST (TENSILE FAILURE) 

The A4EJ program uses a simple bi-linear model as shown in Figure 33 to 
represent the linear and nonlinear range of bolted joint load 7 def lection behavior. 
This nonlinear behavior can be significant to the performance of a multirow 
joint since its presence permits the most highly loaded bolts to sustain their 
load without failure, while other more lightly loaded bolts can accept more 
load due to the added deformation at those bolts that have reached the 
nonlinear range of behavior. Consequently, a reasonable prediction of the 
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FIGURE 33. FASTENER LOAD DEFLECTION CHARACTERISTICS 


onset, allowable extent, and plastic stiffness of the nonlinear range of 
behavior is fundamental to the accurate analytical prediction of multirow 
joint strengths. 

Included in this investigation were efforts toward developing analytical 
methods for predicting basic bolted composite joint behavior, which is required 
to perform multirow joint solutions. It was found that the linear portions 
of the load-deflection curves could be represented accurately by minor modi- 
fications of an old NACA formula (Reference 3). The results from this formula 
are plotted against test results in Figure 34 for a variety of joint configu- 
rations in double shear. The stiffness formula is given as the sum of four 
components. Thus. 


1 _ 25 _ r 
K P L bs 


+ C bb + C t 


+ C 


br 


'Pb» 


Here, 5 is the deflection of the bolt in inches, P is the double shear bolt 
load in kips, and the various contributions to the bolt constant (or flexibility) 
in inches per kip are C^ for shear deformation of the bolt, C^ for bending 
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deformation of the bolt, C, for the bearing deformation of the bolt, and C 

D br ^br 

for the bearing deformation of the laminates or plate. The empirical 

expressions deduced by Tate and Rosenfeld (Reference 3) for this expression 

give, for bolts loaded symmetrically in double shear. 
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E T j 's 


^ + v 




in which the first subscript b refers to the bolt and the second to bending, 
s refers to each of the splice straps (which are assumed to be identical), and 
p to the basic plate (or skin). The various thicknesses are given by t, as 
shown in Figure 34 and the various elastic moduli are signified by E for a 
Young's modulus and G for the shear modulus of the bolt, which has an area 

p A 

A = dV4 and section modulus 1= 7rd /64 since d is the bolt diameter. The 
laminate moduli E^ and Ey refer to the longitudinal (or load) direction and 
lateral (or transverse) direction, respectively, and would be identical for 
quasi-isotropic laminates. These laminate moduli represent the only change 
from the original expression which used the moduli E^ and Ep^ r instead. 

All attempts to interpret the stiffness data for the single-shear tests in 
terms of existing formulas for metal joints failed. So the double-shear 
formula above was modified to account for the bolt rotation that occurs in 
single shear joints. 
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FIGURE 34. BOLTED JOINT ELASTIC SPRING RATES - TEST VERSUS PREDICTION 


The first term, representing the shear deformation of the bolt, was taken to be 
unaltered. The second term, accounting for bolt bending, was deleted and the 
remaining three terms were all multiplied by the factor (1 + 3/3 ), where /3 
represents the fraction of the bending moment on the bolt that is reacted by 
the nonuniform bearing stresses across the thickness. This ts explained in 
Figure 35. The remaining fraction (1 -p) is reacted by the head and nut on 
the bolt. Therefore, j 3 would vary from a maximum value of 1.0 for a simple shear 
pin, through a value of about 0.5 for countersunk fasteners, to a small fraction 
for torqued bolts with protruding heads, becoming very small for the combination 
of large washers with a large diameter- to- thickness ratio. The interpretation 
of the data from these tests, with a d/t ratio of about 2 and relatively small 
washers, indicates that P is on the order of 0.15 here. The need for the 
correction factor /3 arises because, as the fasteners rotate under single-shear 
loading, the bearing stresses become more concentrated near the interface 
between the members than is the case with double-shear loading. Consequently, 
the relative motion is increased by those locally higher bearing stresses. 
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FIGURE 35. ADDITIONAL DISPLACEMENTS DUE TO BOLT ROTATION 


The joint flexibility in single shear is thus expressed by the relation 
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in which the subscripts 1 and 2 identify the two members. Figure 36 compares 
the stiffness predictions of this formula with the measured results. Had the 

1 

term not been included the stiffness would have been overestimated by about 
50 percent. 
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FIGURE 36. SINGLE-SHEAR BOLTED JOINT ELASTIC SPRING RATES - TEST VERSUS PREDICTION 


No universal formulas have been derived to express the nonlinear portions 
of the load-deflection curves. No attempts were made at this because of the 
great variation between tested nonlinear stiffnesses. This variation is 
attributed to the nature of the nonlinear behavior, which invariably consists 
of bearing deformation or bolt bending. 

Nevertheless, many analyses have confirmed that two simple rules cover most 
practical joint geometries. The first is that there is no significant non- 
linear behavior for unloaded bolt holes, as was shown by our ancillary tests. 
The other is that the knee in Figure 33 can be located at about 80 percent 
of the ultimate failing stress in bearing. The secondary stiffness can be 
taken to be approximately 20 percent of the elastic stiffness. The validity 
of these approximations can be gaged from the ancillary test data. When there 
is significant nonlinear behavior, particularly in the larger w/d values, 
the relative motion between the members is so great as to be unacceptable for 


66 




design purposes, so it is useful to then add a displacement cutoff, perhaps 
as some percentage of the fastener diameter, much as for bolted joints in 
metal alloys. 

The nonlinear portions of the load deflection characteristics influence the 
load-sharing in a multirow bolted joint only after some plastic deformation 
has occurred at one or more fastener locations, so the precision needed for 
that part of the analysis is less than for the linear analysis. However, it 
is important to represent the end of the linear elastic behavior accurately 
and to distinguish between the "brittle" or "ductile" behavior which may 
follow. Those effects are the key to any possible load distribution. The 
actual predictions of the test results for the multirow bolted joints were 
based on the stiffness formulas for the elastic behavior, with the definition 
of the nonlinear behavior taken from the actual load deflection curves from 
the appropriate single-hole tests because there was often considerable 
deformation prior to failure. 

In addition to generating stiffness data, the ancillary test program provided 
the data for generalizing the measured section strengths at the bolt holes. 

Joint geometries were selected carefully to establish both net-section strengths 
and bearing failures, under both tensile and compressive loads. The tension- 
through-the-hole failure data were acquired with a width- to-diameter ratio of 
3.0 for loaded holes and 2.0 and 8.0 for unloaded holes. 


The individual section strengths for multirow analyses may be taken directly 
from the test data, or the observed stress concentration factors at failure may 
be related to the elastic isotropic stress concentration factors as in Figure 37 
for a given joint geometry. Such an elastic factor is determined for loaded 
bolt holes (Reference 4) by the equation 
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where 
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The stress concentration factor is evaluated with respect to the net rather 
than gross section in order to avoid factors which diverge toward infinity 
at extreme ratios of d/w. 


As in prior test programs, the single-hole tests demonstrated considerable 
stress concentration relief (relative to elastic behavior) prior to failure 
in the fibrous composites. The linear relation 


is used to postulate a linear relationship between the elastic isotropic 
stress concentration factors and those observed at failure for composite 
materials. The observed stress concentration factor (k tc ) at failure is 
given by 


k tc = F tu 

This relationship may then be used to predict the single-hole section strengths 
of a given composite joint, based upon the corresponding elastic isotropic 
stress concentration factor for the same geometry. 

The values of C so deduced for loaded hole net-tension failures are 0.26 for 
the quasi-isotropic Pattern A and 0.42 for the orthotropic Pattern B. These 
are almost precise matches with Hart-Smith's measurements for graphite- epoxy 
composites (Reference 1), which adds considerable confidence in the use of 
this approach to generalize test results. Unfortunately, several of the test 
coupons failed in the doublers at the load introduction holes instead of the 
test area. Therefore, it was not possible to characterize the influence of the 
bolt diameter on the coefficient C, which is anticipated to increase with bolt 
size. The reason for selecting a w/d ratio of 3 for the loaded holes is that 
this value had been identified in prior tests as the geometry associated with 
the maximum strength of single-row bolted joints in graphite-epoxy composites. 

A value of 8 for the bearing tests was selected to ensure that there would be 
no interaction with the tension-through-the-hol e failure mode. The edge 
distances, e, were made equal to the strip widths, w, to preclude shear-out 
failures . 
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The w/d ratios of 2 and 8 for the unloaded holes were selected with the intent 
of maximizing the range of values of elastic stress concentration factors, k^. . 
However, the narrow strips failed prematurely, in quite a different failure 
mode, with a clean tensile fracture rather than the massive delaminations 
associated with the wider strips. It is recommended that, henceforth, the 
minimum w/d ratio for unloaded holes be at least 3. Actually, since the bypass 
strength is needed primarily for multirow joints, for which the optimum w/d 
is in the range of 4 to 5 rather than the closer pitch of 3 for single-row 
joints, a case can be made for an even higher minimum w/d ratio. The unloaded 
hole results included in Figure 37 clearly show the different behavior for 
the narrow strips, in the form of abnormally high stress concentration factors 
k tc . Some wider specimens of Pattern A were necked down slightly to a w/d of 6 
in order to prevent failures in the grip area. The results indicate that the 
notched strength ratio between patterns is about the same as the relative number 
of 0-degree plies in each laminate. 

The elastic isotropic stress concentration factor for a strip with an unloaded 
hole is given (Reference 4) by the equation 

k te = 2 + (1 - d/w) 3 

This elastic factor may be related in some way the observed stress concentration 
factors for composite laminates with unloaded holes. However, the results of 
the unloaded hole tension tests suggest that the simple linear relationship 
between k^ and k^. c values of Figure 37 may be inadequate for predicting 
unloaded hole strengths. Variations in hole size, laminate thickness, and 
possibly ply thickness appear to have a significant effect on the precise 
failure mode and ultimate strength of laminates with holes. A larger matrix 
of tests in this area is required to reach a full understanding of the 
phenomena involved and the significance of each one. 

The unloaded hole test results for compression were quite similar to the 
geometrically equivalent specimens loaded in tension. Such similarities 
were also evident in the loaded-hole tests The gross-section 
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failure stresses were on the order of 30 ksi for both patterns, with 
w/d = 3, while the ultimate bearing stresses were on the order of 100 ksi 
for both patterns for the wider strips (w/d = 8). 

The great majority of the single-shear tests failed in bearing, at a stress 
of about 100 ksi, for both tensile and compressive loading. The w/d ratio 
of 8 was used throughout the single-shear tests. A special test fixture 
allowed the bolts to rotate, as they would on a wing spar, for example, but 
prevented the abnormal rotation of the laminates which would have occurred 
in a standard single-lap test coupon. 

The basic unnotched laminate properties, used as a reference to establish 
the stress concentration factors k^. c , were measured as follows: 

Pattern A: E = 7.4 x 10^ psi, F^ u = 68,350 psi, F cu = 69,100 psi 

Pattern B: E = 9.3 x 10^ psi, F^ u = 94,830 psi, F c(J = 97,300 psi 

The stiffness and section strength data discussed here provides the required 
empirical base from which A4EJ analyses may be performed. Although some of 
the ancillary data is directly applicable to the analysis, some inherent 
inconsistencies between test coupons and real structure should be considered. 
The possible effects of these dissimilarities will be discussed in subsequent 
sections on multirow joint analysis. 
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5.0 ANALYSIS OF MULTIROW BOLTED JOINTS 


Having completed the ancillary testing which generated the single-hole data, 
an explanation is now presented of how the analysis of large multirow joints 
is performed. Several methods were evaluated, but the key to the analysis 
used here is the nonlinear computer program A4EJ (Reference 2). This program 
can predict the load-sharing between fasteners both at the limit of elastic 
(linear) behavior and after the load redistribution associated with any non- 
catastrophic initial damage. 

The A4EJ program is an iterative Fortran IV digital solution for the load- 
sharing between multiple parallel springs (the fasteners) and also accounts 
for the linear or nonlinear stretching of the members between the fasteners 
as sets of springs in series. Thus, both equilibrium of forces and the 
compatibility of displacements are ensured. 

Figure 38 describes the elements of the mathematical model. At each station, 
it is necessary to define the load deflection characteristics of the fastener, 
including the local deformation of the members, as shown in Figure 39. For 
the members, the elastic behavior of each member between adjacent stations 
must be defined. A station is located at each fastener and at each discontinuity 
in either member. A tapered splice plate is represented elastically as a 
series of steps, with a precise match of properties at each fastener station. 

Strength cutoffs are also needed for the fasteners in shear and for the members 
under combined bearing and bypass loads at each fastener station. The total 
load in a member, at each station, is the sum of the bearing load at that 
particular fastener and the bypass load which is reacted at other fasteners. 

These terms are explained in Figure 40, which also characterizes the bearing- 
bypass interactions for both tensile and compressive loads. The program could 
easily be modified to express the load-sharing under in-plane shear, as with 
torsion loads on a wing, but the failure criteria under those bearing-bypass 
interactions have yet to be established. The bearing bypass interactions for 
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FIGURE 40. OUTER ENVELOPE OF BEARING-BYPASS LOAD INTERACTIONS 

tension and compression can be either linear or kinked, depending primarily 
on the local w/d ratio, as shown in Figure 40. Narrow strips, or closely spaced 
bolts, fail in tension-through-the-hole for both bearing and bypass loads; 
however, wide strips exhibit a bearing stress cutoff. Compressive loads have 
two possible interactions, depending on whether the bolt fits tightly or 
loosely in the hole. In the case of a tight-fit hole, the combination of 
bearing and bypass stresses must not exceed the bearing allowable stress. With 
a loose-fit bolt, none of the bypass load can be transmitted through the bolt, 
causing a higher stress on the net section. In the case of a bolt hole with 
a very small clearance, the bolt may pick up a little bypass load as the 
composite laminate deforms under load. 

The intercepts of the bearing bypass interaction curves are established 
directly from experimental results or by means of the stress concentration 
formulas and associated reduction factors discussed previously. The following 
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steps are involved in those calculations. First, the elastic-isotropic 
stress concentration factor is calculated for both loaded and unloaded 
holes in tension. Those factors are reduced to the equivalent k^. values 
via the reduction factor C to establish the actual intercepts. A straight 
line is drawn between the loaded and unloaded hole strength intercepts, and 
a bearing stress cutoff is added, if necessary, for wider bolt spacings. 

The same value of k^. c would be used for the compressive bypass strength at 
an unfilled hole and, in the absence of specific data for filled holes, a 
value half way between that k^ c and unity is recommended for filled holes 
under compression. The compressive bearing limit is self-evident. Usually, 
joints are more critical in tension than in compression, but the combination 
of high compressive bypass and bearing stresses may result in joints prone 
to widespread delaminations. 

The analyses presented here rely heavily on the input data generated from the 
ancillary test program, but the differences between such test data and the 
actual structure should always be considered. For example, a significant 
finding of the single-hole tests was that, in double shear, the allowable 
strength of the central plate was always greater than that of the splice plates 
despite the matched thicknesses, presumably because of the better clamp-up or 
slightly unsymmetric loading. Therefore, in analyzing such joints, this 
extra strength should be accounted for in the input data. Such data would be 
necessary to truly optimize the design of multirow joints, although in this 
particular case, the error would be conservative. 

In addition to variations in performance, concern must also be given to the 
sometimes subtle differences in configuration between test coupons and real 
structure. The unloaded hole ancillary tests were tested as "unfilled" holes, 
with the undersized bolts providing some clamp-up, while the actual subcomponent 
joints were tested with close-fit or interference fit fasteners. This dis- 
crepancy should be considered when calculating the bypass intercept of the 
bearing bypass interaction curves for tension and compression if an accurate 
prediction of joint strength is to be made. Until such variations are more 
fully understood a conservative approach would be appropriate for real 
structure applications. 
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A further strength cutoff, that of failing the fasteners in shear or bending, 
should never be an effective limit on joint strength. Several of the sub- 
component specimens suffered extensive bolt bending and it is recommended 
that a conservative approach to bolt selection be employed to avoid this 
phenomenon. Attempting to minimize fastener size (and weight) solely on the 
basis of apparent shear strength may often lead to unexpected bolt bending 
failures. On the other hand, exceedingly conservative design practices may 
nullify the potential joint efficiencies that are attained by carefully 
tailoring proportions. Certainly, a reliable method for efficiently selecting 
bolt sizes would be quite useful in the optimization of multirow bolted joint 
designs. 

The loss of clamp-up due to bolt bending, as discussed in the test results 
section, reinforces the desire to avoid the bolt bending problem altogether. 
Figure 41 explains that the drastic reduction in laminate bearing strength, 
due to the loss of bolt clamp-up as a result of bolt bending, will occur under 
both tensile and compressive loading. This results in delaminations at local 
bearing stresses as low as those for simple shear pins -- only about half of 
the strength for torqued bolts of larger diameter. 
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In evaluating the load deflection characteristics of bolts in fibrous 
composite laminates, the elastic stiffness can be easily calculated on the 
basis of the formulas given above. The nonlinear behavior can be determined 
by the most critical possibility -- the bearing or net-section failures of each 
member at that station or failure of the bolt in shear (or by yielding under 
bending) . 

5.1 PARAMETRIC STUDIES 

Several parametric studies were conducted to evaluate the effects of 
variations or inconsistencies in the input data on the predicted multirow 
joint strengths from A4EJ solutions. The results of such a study are 
presented in Figure 42 which shows graphically how variations in the predicted 
unloaded hole stress concentration reduction factor (C) will influence strength 
predictions for multirow joint analysis. Variations in predicted unloaded 
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hole strengths can have a significant effect on ultimate load predictions 
for combined bearing and bypass loads. Points A, B, and C represent three 
different bypass (unloaded hole) strengths resulting from variations in the 
predicted composite stress concentration factor (k tc ). With all other input 
being equal, the induced variations in multirow strength predictions are shown 
for a typical two-row and four-row joint. An important observation to be made 
from Figure 42 is that the error in predicted joint strength increases with 
additional rows of bolts. This occurs because as rows of fasteners are added, 
the failure is designed to take place at a low-bearing, high-bypass location. 

The figure clearly shows that this type of failure condition (as in a 4-row 
joint) is much more sensitive to predicted unloaded hole strengths than a 
2-row joint case, where the bearing load is nearly equal to the bypass load. 

Similar studies were conducted to determine the sensitivity of multi row joint 
strength predictions to variations in load-deflection characteristics. The 
elastic springs rates were measured experimentally for all of the loaded hole 
ancillary tests, and an apparently high level of scatter among identical 
specimens was observed. Various analytical solutions for the ultimate loads 
of joints in the configurations of the JT4 and JT8 specimens were performed 
and the elastic bolt flexibilities were varied among solutions within the 
range of scatter encountered in our ancillary test program. Variations in 
predicted joint strength were about 6 percent from the average of the JT4 
specimen, and about 2 percent for the JT8 specimen. 

The principal message from these studies is that the importance of developing 
accurate, realistic input data for the A4EJ program should not be overlooked. 
The analyst must have a complete understanding of the empirical data on which 
the multirow solutions will be based before attempting more complex analyses. 
If several parameters are susceptible to substantial variation, the analytical 
solutions must reflect this if a conservative solution is desired. 
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6.0 PRELIMINARY SUBCOMPONENT JOINT STRENGTH ANALYSIS 


Preliminary evaluations of various joint concepts and geometries were performed 
using the A4EJ computer program before final decisions were made for subcomponent 
joint designs. Most of this work was done prior to the completion of ancillary 
testing. Hence, the empirical base (on which A4EJ heavily relies) was limited 
to data from prior test programs of limited scope and other material systems. 
Nevertheless, these efforts demonstrated the effectiveness of the A4EJ program 
as a preliminary design tool. 

In order to determine the most efficient design concepts, studies were made to 
evalute the effect of joint configuration on bolt load distribution and overall 
performance. The results of one such study is presented in Figure 43 examining 
four basic joint concepts. Despite a natural inclination to expect the scarf 
joint (Configuration A) to be the most efficient, it was actually shown to be the 
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weakest, as well as the most difficult to manufacture and assemble. That 
conclusion should also be true for metal alloy constructions. The scarf 
joint failed basically because the thickness of the skin was reduced below 
nominal before the first fastener station was reached. (Obviously, one 
could counter that loss of area by a local buildup in the vicinity of the joint, 
but all of the concepts could be improved by the stress reduction associated 
with local reinforcement of the joint area.) It should be noted that the 
outermost rows of bolts in the scarf joints transfer less load than is 
carried by the interior bolts. That is caused by the reduced stiffness 
associated with the local thinning of the skin and splice plates. 

The joint with uniformly thick splice plates (Configuration B, Figure 43) was 
predicted to perform surprisingly well, and actually did in subsequent sub- 
component joint tests. The combination of a uniform skin and reinforced tapered 
splice plates was predicted to be the most efficient joint design. Structural 
tests substantiated this result, despite premature failures as a result of 
delaminations in tapered splice members. The development of an improved tapered 
splice design and fabrication method should eliminate this phenomenon and 
further verify the predicted superiority of this design. Nevertheless, in 
consideration of the interlaminar weaknesses associated with tapered members, 
the simple uniform joint should be looked upon as one of the two most viable 
candidate designs for fibrous composite construction. Certainly, the absence 
of critical interlaminar stresses, as in metallic construction, should make the 
joint with uniform skin and tapered splice plates the best candidate. 

The use of tapered splice plates without an increase in thickness at bolt row 
Number 4 (greater than one-half the skin thckness) obviously cannot represent 
an improvement over the strength with uniform splices since tapering transfers 
more load to the most critical fasteners, nearest to the middle of the splice 
plates where the skins butt together. A comparison of gross-section strains for 
Configurations B and C in Figure 43 illustrates this phenomenon. A relative 
increase in thickness of the tapered splice plates is needed not only because 
of the extra load transferred to those bolts but also because the splice plate 
joint allowables are weaker than those of the skin when the skin is sandwiched in 
double shear. 
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The superiority of the thickened tapered splice members of Configuration D 
in combination with a uniform skin can be explained easily. The greatest 
strength is obtained by maximizing the bypass load at the outermost row 
of fasteners -- that is, the first row of fasteners in the skin (Row 1 in 
Figure 43) -- and this involves decreasing the bearing load at that location 
in order to maximize the bypass load, which represents the sum of all of the 
other bolt loads for Rows 2, 3 and 4. This design philosophy is reflected 
in Figure 44, which shows that the only way a multirow joint can be more 
efficient than the optimum single-row joint is by minimizing the bearing 
stress at the critical row of fasteners and further separating the bolts 
(that is, increasing the w/d ratio). The sequence of iterations in optimizing 
the design is governed by maximizing the total load (or gross-section strain) 
in the skin at the first row of fasteners (Row 1) while not causing a 
premature failure in either the skin or splice at the last row of fasteners 
(Row 4). Since there is no bypass load in the skin at the last row of fasteners. 
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it is desirable to maximize the load transfer there to relieve the load 
on the first row. Only local reinforcement is needed in the splice plates 
to tolerate the combination of maximum bearing and bypass loads at Row 4. 

A larger diameter fastener for the last row of bolts or a smaller one for the 
first row, where the splices are thinnest, will often be of assistance in 
this optimization process. Any small extra weight in the splices or 
fasteners is worth incurring to maximize the efficiency of the large, heavy 
skins. It is wrong to evaluate splice efficiencies only on the basis of 
minimizing the weight of the splices and fasteners. 


As previously stated, the final configurations of subcomponent joint specimens 
were based on A4EJ solutions using input data from prior test programs. After 
the completion of the ancillary test program, the subcomponent joint designs 
were re-analyzed with more appropriate input data from the single hole tests. 

In some cases, the difference in mechanical properties and notched strength 
levels between the Ciba-Geigy 914/T300 material and other materials for which 
data was available indicated that the subcomponent design proportions would 
not make the most efficient use of the material. Such an analysis is displayed 
in Figure 45 where the initial design of the 8-bolt tension joint was re-analyzed 
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using updated input data. The results showed this configuration to be 
bearing and bolt critical, and that the central, skin member was not being 
used efficiently. This joint was then re-analyzed with a 1/16 inch increase 
in bolt diameters, the results of which are shown to the right side of 
Figure 45. A 16 percent increase in joint strength was predicted for this 
modification. 

Such comparative analyses were performed for many joint configurations. One 
of the 8-bolt joint specimens discussed above was reworked to the sizing shown 
to the right of Figure 45, but the premature delamination failure of the 
tapered splice members prevented the specimen from approaching its potential 
strength (refer to Figure 17). In any case, this exercise demonstrated the 
importance of using suitable single-hole data to form the empirical base from 
which A4EJ multirow joint solutions are performed. 
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7.0 ANALYSIS/TEST CORRELATION 


Subcomponent joint analyses were performed for ail specimen configurations 
in advance of structural tests. In some cases, where a new or unanticipated 
failure mode was encountered, the analytical solutions were revised to 
account for the variation in joint performance. Predictions of joint 
ultimate load and strain levels were made using the A4EJ program with input 
data generated from the ancillary test results and associated semi-empirical 
methods. Appendix B contains the analysis results for the four basic configu- 
rations of subcomponent joint tests. 

The following sections discuss the correlation between the analysis and test 
results for the entire series of tests. Ultimate load comparisons are made 
despite the premature failures of several specimens due to unexpected modes 
of failure. For those specimens equipped with strain gages along the length 
of the joint, comparisons are made between the tested and predicted bolt load 
distributions throughout the test. 

In general, good correlation is shown between the various analysis predictions 
and test results. The results of this study have indicated that accurate 
prediction of multirow bolted composite joints are possible, although there 
is still much to be learned about the performance of multirow bolted joints in 
composites and the extent that each of the various parameters contribute to 
that performance. It should be noted that most of the tested weaknesses were 
found to be in the splice plates, which have lower allowables than the skins 
with better clamp-up, and in excessive bending of many of the bolts. In the 
case of tension loadings, the splice plate weaknesses should be eliminated with 
improved design and manufacturing techniques. For compression loading it 
appears that the strength and performance of external splice members will 
usually determine the overall joint compression strength. One key to 
structurally efficient bolted joints in fibrous composites is a low working 
stress in bearing which permits maximization of the bypass stress and hence 
the total stresses in the joint. Another is to use stiff bolts having a 
sufficient diameter to not bend under the applied loads. 


84 


7.1 4-BOLT TENSION AND COMPRESSION 


The 4-bolt joint was the simplest configuration of the subcomponent specimens 
and was accordingly the simplest to analyze. In a two-row joint where the 
splice thickness equals one-half the thickness of the central blade, each 
row of bolts will carry one-half the total load. Since the splice plates in 
our test were reinforced with respect to the skin, the slight stiffness 


imbalance forces the outer rows of bolts to carry more than the inner rows. 

The results of the A4EJ solution in Appendix B confirm this phenomenon. 

The most instructive way to examine the correlation between test results and 
analysis solutions is through the use of the bearing-bypass failure envelope 
for the critical location in the joint. These curves are plotted in Figure 46 
for the critical positions in the 4-bolt subcomponent joint under tension and 
compression loading. The analytically predicted strengths are indicated 
along with the actual failures of joint test specimens. 


2-ROW TENSION AND COMPRESSION SPECIMENS 
d = 0.50 in, w = 2.15 in, t s ^ n = 0.832 in, t sp ^ ce = 0.50 in (x2) 
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FIGURE 46. 4-BOLT JOINT BEARING-BYPASS FAILURE ENVELOPES 
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For tension loading, a net-section failure was predicted in the skin at 
the outer row of bolts with an ultimate load of 69,809 pounds and a gross 
section strain of 0.0042. Note that the analysis does predict that slightly 
more bearing load than bypass load occurs at the critical fastener location 
which is to be expected, as discussed above. It would appear from Figure 46 
that there was very good correlation between the analysis predictions and 
test results, but the cluster of test results plotted close to the predicted 
strength were actually fastener failures resulting from the excessive bolt 
bending suffered by these specimens. Only the tested failure at 74,500 pounds 
(gross section strain of 0.005) was a net-tension failure as predicted. 

A number of factors may have contributed to this higher-than-predicted strength. 
There may be some inherent conservatism in the predicted stress concentration 
factors because of the differences between the test coupons and actual structure 
as previously mentioned. By changing to large tension nuts as opposed to shear 
nuts on one JT4CF specimen, the bolt failure mode was suppressed long enough 
to allow the tension failure to occur at a higher strength. Nevertheless, 
the specimen did experience severe bolt bending (refer to Figure 14) which may 
have favorably modified the bolt load distribution, thus permitting a higher 
failure load. 

The 4-bolt joint analysis for compression loading was revised after-the-fact 
to concur with the latest version of the bearing-bypass interactions for un- 
supported joint members. The concept involves compression failures in 
external splice members induced by the initial delaminations occurring at 
bolt holes loaded to the bearing yield stress of the laminate. The principal 
behind this is explained in the ensuing discussion of the 12-bolt joint. 

The predicted compression failure load of 64,937 pounds in Figure 46 
corresponds to a compression failure of the splice plates at the inner row 
of fasteners. A comparison of this analysis result with actual test cases 
is academic because of the great difference in failure modes. Compression 
failures of the larger multi row joints are more readily comparable to the 
analysis solutions. 
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7.2 8-BOLT TENSION AND COMPRESSION 


All of the tested failures of the 8-bolt tension joints were caused by the 
premature delaminations of the splice members as described earlier. Because 
this mode of failure was not anticipated, a direct comparison of tested and 
predicted failure loads must be examined with due consideration to the 
differences in failure mode. The bearing-bypass failure envelopes for the 
predicted critical locations under tensile and compressive loads are 
presented in Figure 47. For the tension joint, none of the test specimens 
reached their analytically predicted strengths. The analysis presented on 
the left side of Figure 45 describes the kind of performance expected from 
this joint. Despite the external splice delaminations, the tested joints did 
show substantial bearing deformation and bolt bending as indicated by 
Figure 18. In fact, the utlimate load prediction was made with some intrinsic 
uncertainties because of the potentially irregular or inconsistent performance 
associated with so much plastic (nonlinear) behavior. The improved design 
with an increase in bolt size (JT8CF-515) did not show an improvement over 
the specimens tested in the original configuration (despite the considerable 
reduction in nonlinear behavior) because of the splice delamination phenomenon. 

4-ROW TENSION AND COMPRESSION SPECIMENS 

= 0.375 in, * 0.4375 in, w = 2.15 in, t s(( - n = 0.832 in, t sp i 1ce = 0-50 in (12) 



FIGURE 47. 8-BOLT JOINT, BEARING-BYPASS FAILURE ENVELOPES 
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The JC8CF and JC8IF compression joint strengths are plotted with the 
analysis solution to the left in Figure 47. The accuracy of the prediction 
is uncertain again because of the extensive nonlinear behavior and the 
introduction of a relatively new mode of failure in compression. In this 
case, the joint tests exceed the predicted strength when limited by the 
diagonal line of Figure 47 which represents a constant bearing yield stress 
condition. Radical changes in the bolt load distribution with such extensive 
nonlinear behavior may have contributed to these differences. It will be 
shown that such analysis solutions were found to be more accurate for the 
larger joints where much less plastic deformation took place in the bolts 
or around the fastener holes in the joint members. 

Three of the JT8 specimens were strain gaged along the length and on either 
side of each member (Figure 48). Readings were taken during the test at 
specified increments of applied load. These strain gage readings permit a 
detailed comparison of the test results with our analysis predictions in terms 
of the bolt load distribution throughout the test. 



ANALYSIS 

STATION # 1 2345 678 9 10 II 12 13 

BOLT # © © 3 © 


FIGURE 48. TAPERED JOINT - STRAIN GAGE LOCATIONS 


2 (10) 
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The A4EJ computer program is capable of solving for the joint internal loads 
for a given applied load, as well as solving for the joint ultimate load. An 
iterative solution was performed at each applied load level that a reading 
was taken. This analysis has been compared to the test results from one of 
the 8-bolt tension tests. The comparison was made up to the point at which 
the surface delaminations of the splice members were believed to be affecting 
the strain gage readings. 


Some data reduction of the raw strain gauge data was required to facilitate 
the comparison. From the strain readings in the gross section of each member. 
Young's modulus was calculated for each load increment. The load level at 
each gage was then calculated using the strain readings. Young's modulus, 
and the gross area at the center of the gage. The load levels were then 
adjusted to account for eccentricities and variations in the stress distributions 
across the width in the gross-sections between the bolts. This adjustment was 
made equally to the readings from both members such Inal uie sum of the 
skin and splice plate loads must equal the joint applied load at any given 
location along the joint. 


The analysis shows good correlation with the test results for the amount of 
load transferred at each bolt throughout the test as shown in Figure 49. 
Slight differences in the predicted bearing yield point do not have a 
significantly adverse effect on the correlation between test and theory. 
Similar comparisons between tested and predicted bolt load distributions will 
be presented for the larger 24-bolt joint. 
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8 BOLT DOUBLE LAPPED TAPERED JOINT - JT8IF -501 
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YIELD 
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BOLT #4 



20/0 10 20/0 10 
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FIGURE 49. 8-BOLT JOINT LOAD DISTRIBUTION - TEST VS ANALYSIS 
7.3 12-BOLT TENSION 

The 12-bolt joint was essentially a scaled up version of the 4-bolt specimen. 
As in the 4-bolt joint, the total thickness of the splice plates exceeded 
that of the skin, so that more load would be transferred at the outermost 
row of fasteners and the critical member would therefore be the skin and 
not a splice member. 

Both the test result for the JT12CF specimen and the analysis predictions 
confirm this. The joint strength at the critical location is limited by the 
bearing-bypass envelope shown in Figure 50, which also shows the excellent 
agreement between the test result and the predicted ultimate load. A tension- 
through-the-hole failure had been predicted, and that is consistent with the 
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2-ROW, 3-COLUMN TENSION AND COMPRESSION SPECIMENS 
d = 0.75 IN., w = 9.0 IN., t SK)N = 1.0 IN., t SPL | C E = 0-67 IN. (x 2) 



FT Cl IDF FO 

) 1WUUL W . 


12-BOLT JOINT, 


BEARING BYPASS FAILURE ENVELOPES 


appearance of the failed specimen shown in Figure 19, with a clean textbook 
fracture. It should also be noted that the bearing load at the critical bolt 
row is slightly greater than the bypass load which is reacted at the other row 
of bolts. The bearing stress cutoff in Figure 50 corresponds to a failure 
stress of 100 ksi. It probably should have been somewhat higher for a bearing 
strength of 120 ksi in the sandwiched member rather than the 100 ksi which would 
remain applicable for the more severely load splice plates. Nevertheless, that 
refinement would not alter the sloping line for the tension-through-the-hole 
failures and would therefore not affect the predicted failure load. The failure 
strain of 0.0042 is impressive for such a simple joint geometry, but Figure 44 
indicates that still higher results should be attainable for more efficient joint 
geometries . 

The geometrically similar JT12IF specimen was tested with interference fit 
sleeved titanium bolts instead of the solid titanium bots used in the clearance 
fit specimen. This test did not achieve its purpose because the use of the 
annealed sleeves in combination with smaller titanium bolts resulted in gross 
bolt yielding, and would not accept load beyond 350,000 pounds. It had been 
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anticipated that the use of interference-fit fasteners should have increased 
the joint strengths because of the improved load- sharing between the bolts. 

However, these benefits were nullified by the recurrent bolt bending failures. 

7.4 12-BOLT COMPRESSION 

Testing of similar multirow joints in compression established that these joints 
were stronger than when loaded under tension. This testing also showed that the 
allowable ultimate compressive bearing stresses may be severely restricted 
in the presence of high compressive bypass loads. 

Good correlation between test and theory was found for the JC12CF and JC 1 21 F 
specimens with two rows of 3/4- inch bolts. These specimens had uniform 
splice plates and three columns of bolts in each row, having the same geometry 
as the tensile test specimens described above. The test results of 408,000 and 
370,000 pounds, respectively, closely agreed with the 383,922 pounds determined 
by analysis. These results are plotted on the left side of Figure 49, with 
the strength limited by the combination of bearing and bypass stresses. 

F k = fu + f„ 
bT * br9 c gross 

The observed failure was by delamination and compression failure of the splice 
plates between the innermost bolts, initiated immediately in front of the 
bolts, where the bearing and bypass loads combined (see Figure 27). The 
strength prediction of 357,000 pounds (39,667 psi) for this 9-inch-wide and 
1-inch-thick skin laminate had been made on the basis of combined stress 
allowable of 100 ksi for F^ and the critical location had been anticipated 
to be in the skin at the outermost rows of fasteners. Because of the better 
clamp-up there, the joint was reanalyzed with an increased allowable of 120 ksi. 
The splice plate bearing allowables were accordingly reduced to 80 ksi in 
consideration of the observed bearing yield stress levels in splice members during 
ancillary testing. The analysis then agreed with the test, in regard to both 
the failing load and the location of failure. 
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The failure of these specimens, JC12CF and JC12IF, suggests the existence of a 
new failure mode. The initial delaminations of a pin- loaded hole occur at 
about 60 ksi in bearing and, in the absence of compressive bypass loads, do 
not spread catastrophical ly. However, unless there is adequate clamp-up, 
as in the middle of a sandwich, those initial delaminations could interact 
with any compressive bypass stresses and spread catastrophically. This 
phenomenon was demonstrated by the performance of the two 12-bolt specimens. 

The lower strength of the JC12IF specimen relative to the JC12CF joint 
test resinforces this interpretation since the interference fit bolts bent 
at a lower load, thus decreasing the joint applied load at which the bearing 
yield stress and associated compression failure is reached. 

7.5 24-BOLT TENSION 

This 24-bolt specimen had tapered splice plates with four rows of bolts at 
each end, in three columns. The total width was 6.0 inches and the thickness 
of the skin was again 1.0 inch. The maximum and minimum splice plate 
thicknesses were 0.67 inch and 0.08 inch, respectively. This specimen used 
5/8-inch-diameter bolts for the last row in the skin, with the objective 
of stiffening them up to accept more load - the reinforced splice plates were 
not predicted to be critical - and to decrease the bearing stresses there 
in all members. All the remaining bolts were of 1/2 inch diameter. 

The failure load of 259,000 pounds for JT24CF specimen corresponds to a gross- 
section strain of 0.0047 inch in the skin at the first row of bolts. The 
JT24IF specimen reached a slightly higher load of 265,000 pounds with a gross- 
section strain of 0.0049. 

Actually, a slightly higher strength of 286,055 pounds, or a gross section 
strain of 0.0051, had been predicted. The test failure was, in fact, triggered 
by delaminations starting on the outside surface of the tapered splice 
plates, resulting in premature failure as described in the discussion of test 
results . 
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Several of the 24-bolt subcomponent joint specimens, including JT24CF, were 
equipped with 18 strain gages mounted along the length of the joint on both sides 
of the central skin member and one splice member in the same manner as the 
8-bolt joints. These gages were located midway between the bolt rows. 

Additional gages were mounted away from the bolts in all three members to 
verify the lack of bending deformations. Strain readings taken at pre- 
determined increments where loads were applied to joints were used to 
calculate the bolt load distribution through the test. Analyses using the 
A4EJ program were run at the same load increments to solve for the joint 
internal loads in addition to the ultimate load solutions. 

A comparison of the test and analysis results for this four-row, three-column 
joint is presented in Figure 51. The predicted loads were taken directly 
from the A4EJ solutions at each applied load level. The test data needed 
further interpretation because of the nonuniform strains across the widths 
of the specimen. All readings at any one station were adjusted by the same 


(CONDITIONED BY 
EXTERNAL DELAMINATION 

PREDICTED FAILURE LOAO - 286.000 LB TESTED FAILURE LOAD - 259 000 LB OF SPLICE PLATES) 



FIGURE 51. 24-BOLT JOINT LOAD DISTRIBUTION - TEST VS ANALYSIS 
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factor so that the sum of skin arid splice plate loads would equal the joint- 
applied loads at any location along the joint. The transition from linear 
to nonlinear behavior due to bearing yield at the thin end of the splice 
plates is clearly observed at bolt row No. 1 in Figure 51. The observed 
higher bearing yield is possibly due to a much greater diameter- to- thickness 
ratio for these particular holes, in effect giving more clamp-up than in 
the tests for untapered specimens. In addition, the effects of the premature 
delaminations of the splice plate outer plies are also visible as sudden 
variations in load distribution at a joint applied load of approximately 
200,000 pounds. 

The bearing-bypass failure envelopes for tensile and compressive loading are 
presented along with the tested strengths in Figure 52 as a point of reference. 
It is firmly believed that a tension joint of this configuration would reach 
or exceed the predicted strength level with an effectively modified splice 
plate design. 


4-ROW, 3-COLUMN TENSION AND COMPRESSION SPECIMENS 

d, = 0.50, d. = 0.625, w = 6.0 in, t , - = 1.0 in, t , . , x = 0.67 in (x2) 

1-3 4 * * skin * splice (max) ' 7 



FIGURE 52. 24-BOLT JOINT, BEARING-BYPASS FAILURE ENVELOPES 
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7.6 24-BOLT COMPRESSION 


The same phenomenon that was associated with the 12-bolt compression 
failures is believed to have triggered the failure in the compressive tests 
on the 24-bolt multirow joints with tapered splice plates. These specimens, 
having four rows of bolts in three columns, were identical to the corres- 
ponding tensile specimens described above. Specimens JC24CF and JC24IF 
failed by massive delaminations of the central region of the splices, as 
shown in Figure 29. The specimens were stabilized against overall buckling, 
so the failure is believed to have been triggered by the combination of high 
bearing and bypass stresses in compression. The failure of both specimens 
occurred at gross-section strains of 0.0062 in the skin outside the joint, 
indicating that the tensile strength limits are more severe, at about 0.0050. 
These high compressive strains, without failure in the skin, were achieved 
by the combination of low bearing stresses (about 35 ksi) in the skin and 
good clamp-up between the splice plates. The failing loads of the splice 
plates, 297,000 and 302,000 pounds, are between the 277,875 and 321,343 pounds 
derived by analysis for ultimate combined bearing stresses of 60 and 70 ksi, 
respectively, in the splice plates. 

The joint compression strength is limited by the diagonal line of Figure 52, 
representing a state of constant bearing yield stress. The point of bearing 
yield has been shown to decrease (or, occur at a lower load) with an increase 
in the degree of bolt bending. Since the onset of this phenomenon is 
difficult to predict, so then is the joint compression failures which are 
believed to be triggered by the initial delaminations induced by bolt 
bearing loads. 
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8.0 SPECIMEN INSPECTION AFTER TESTING 


Several of the failed subcomponent joint specimens were disassembled and 
thoroughly inspected in an attempt to reveal any phenomena that might enhance 
our understanding of the joint behavior and failure modes. This procedure 
was also used to identify those specimens (or parts of specimens) which were 
sufficiently undamaged to be utilized in future tests. 

Prior to removal of the bolts, most of the central blade members appeared 
relatively undamaged, except for those specimens which failed in net-tension 
through the skin. After disassembly, several center members did show some 
local delaminations around the fastener holes, but the actual cause of this 
damage is unclear. Several of these specimens experienced substantial bending 
of the bolts, end an excessive amount of force was required to remove them 
from the specimens. It is uncertain as to how much of the damage to the holes 
was inflicted during testing or during the disassembly procedure. Some of 
the blades were also found to have several edge delaminations along the length 
of the joint which became visible after the nuts were loosened and the clamp-up 
forces were removed. Damage of this sort was more pronounced in the inter- 
ference fit specimens, although one unfailed central blade from a clearance 
fit specimen also suffered a severe edge delamination. 

Five blade members from JT12 and JT24 specimens that visually appeared undamaged 
were C-scanned, the results of which are shown in Figures 53 through 57. The 
JT12CF specimen failed in net-tension through the outer row of fasteners in 
one blade member. The other side, which remained intact, was C-scanned as 
shown in Figure 53. Damage of some sort is indicated by the white areas, 
although it cannot be discerned from a C-scan whether the damage represents the 
delamination of a single ply or an interspersion of smaller delaminations 
distributed through the thickness. The outer row of bolts (lower row. Figure 53) 
shows damage across the width where the high bearing-bypass load interaction 
took place. This specimen actually failed at that location in the other blade 
(not shown), so it is reasonable to assume that the member in Figure 53 was 
quite close to failure as well. The spikes or peaks at the edges of the holes 
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typically represent shearing within O-degree plies which is caused by the 
bypass tension stress field interacting with the local compression field on 
the bearing side of the fastener. It is believed that most of this damage 
is distributed through the thickness. 


The source of delaminations around the other fastener holes is also subject 
to speculation. Certainly the high bearing loads sustained by these joints 
may have brought about some damage although the possibility of delaminations 
resulting from fastener removal or from the drilling operations must also be 
considered. The specimens were not C-scanned in advance of testing. 


The results of C-scans performed on the blades of the JT12IF specimens are 
shown in Figures 54 and 55. This specimen reached its ultimate load when the 
fasteners yielded in bending, though the C-scans look much the same as the 
JT12CF results. Slightly more damage is evident around the fastener holes, 
probably caused the the more severely bent bolts either during the test or as 
the bolts were removed. 


The two blade members from the JT24CF specimens were C-scanned with the results 
shown in Figure 56 and 57. Once again, those fastener rows that were subjected 
to high levels of combined bearing-bypass loads show damage initiated across 
the entire width of the specimen. Figure 57 shows substantially more damage 
around the bolt holes than shown for the other blade, and a large section 
reaching from the side edge nearly to the centerline is delaminated. Although 
the difficult process of removing the bent bolts may have contributed to 
this damage, the possibility exists that the specimen simply delaminated under 
high tensile load. Indeed, several blades from the JT24 test series displayed 
similar delaminations throughout the thickness. The more extensive delaminations 
suffered by the interference fit specimens suggests that the bolt bending 
phenomenon may have contributed to the problem. In any case, the onset of such 
damage in what were seemingly undamaged parts indicates that more attention 
to this phenomenon is warranted in future tests. 
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9.0 CONCLUSIONS 


The prime conclusion to be drawn from this investigation is that it is 
possible to make reliable strength predictions for large multirow bolted 
joints in fibrous composite laminates. Not all geometries or load conditions 
have been covered yet, and the testing during this investigation has revealed 
new failure modes, particularly for compressive loading. With efficient 
joint design, gross-section strains in the basic skin laminates can reach 
0.005, which represents a considerable improvement over the prior state of 
the art, even for only room- temperature tests. 

The most efficient joints have uniform unreinforced skins to maximize the 
quality of the laminates and to permit straightforward and bolted repairs in 
service, in combination with reinforced tapered splice plates. Other joint 
geometries have been shown to be less efficient, both by analysis and test. 

The key to obtaining high operating strains in. bolted joints in fibrous 
composite laminates is in restricting the bolt bearing stresses in the most 
critically loaded locations. The ability to do this depends on the availa- 
bility of a good load-sharing analysis, such as the A4EJ program, and sufficient 
test data to provide the input. The nonlinear capability of the program, 
permitting some bolts to fail in bearing but still carry loads while others 
accept more, is believed to be necessary for accurate ultimate strength 
predi ctions . 

The failure of most efficiently designed multirow bolted joints is governed 
by bearing-bypass load interactions in tension and compression and cannot be 
explained adquately on the basis of separate bearing and net-section 
allowables. There is also a strong influence from the presence or absence 
of through-the-thickness clamp-up for both tensile and compressive loads. 
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The joint strengths attainable are sensitive to the joint geometry as well 
as to the fiber and resin employed, although they are insensitive to other 
minor changes in fiber pattern throughout the optimum design region, which 
includes the quasi-isotropic layup. For HTS carbon-epoxy laminates, the 
optimum w/d ratio is on the order of 3 for single-row joints and is more 
likely to be in the range of 4 to 5 for multirow joints. 


The strength of bolted joints in composite laminates is limited by the brittle- 
ness of the 350°F cured epoxy resins. It is therefore vital to intersperse 
the plies as much as possible and not to stack parallel plies together. This 
program did not attempt to resolve whether 0.010-inch or 0.005-inch tapes are 
superior - all that can be said is that the analyses have been confirmed for 
both thicknesses. The more widespread delaminations associated with the thicker 
plies appear to be of benefit with tensile loading and to be a tolerable 
weakness for compressive loading. However, other fiber-resin combinations 
could exhibit quite different behavior in this regard. 


With close fit holes (0.002-.003 inch clearance) in the thick materials and 
ply patterns used in this program, spectrum fatigue bearing loads tested to 
two flight service lifetimes do not seem to be a problem for lightly clamped 
sandwiched laminates working up to 45-67 percent ultimate bearing stress, 
where F^ is 120 ksi. The fatigue specimens were not tested in the presence 
of the bearing/bypass interaction. Significant and early hole wear resulted 
from spectrum fatigue peak stresses at 90 percent F brLj . 

The high gross-section strains exhibited by the bolted joints tested here 
indicate that highly loaded primary composite structures are feasible, but 
require more careful design than is customary for ductile metal alloys. 
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APPENDIX A 

SUBCOMPONENT TEST DATA 


Strain Gage Readings 
Load vs Head Travel Curves 


A- 1 


TENSION TEST DATA 


JT4IF-1-1 SPECIMEN 


Applied 
Load (lb) 

C 

Gage 1 

strain Readings (y) 

Gage 2 Gage 3 Gage 4 

0 

0 

0 

0 

0 

9,540 

424 

452 

444 

440 

19,080 

893 

933 

923 

929 

28,620 

1385 

1429 

1426 

1433 

38,160 

1882 

1943 

1937 

1952 

47,700 

2363 

2441 

2433 

2452 

52,470 

2605 

2692 

2686 

2691 

57,240 

2823 

2904 

2965 

2900 

62,010 

3166 

3195 

3312 

3202 

66,780 

3392 

3469 

3525 

3496 

70,200 


Ultimate Load 



TENSION TEST DATA 
JT4IF-1-2 SPECIMEN 


Appl i ed 
Load (lb) 

Strain Readings (y) 
Gage 1 Gage 2 Gage 3 

Gage 4 

0 

0 

0 

0 

0 

9,540 

532 

517 

421 

413 

19,080 

1060 

1072 

844 

875 

28,620 

1593 

1627 

1288 

1346 

38,160 

2136 

2184 

1760 

1824 

47,700 

2678 

2722 

2249 

2297 

52,470 

2968 

2952 

2488 

2540 

57,240 

3245 

3152 

2746 

2797 

62,010 

3610 

3345 

3138 

3029 

66,780 

3888 

3560 

3364 

3288 

69,500 


Ultimate Load 






















Load versus head travel 



A- 3 


Head travel, in 







Ultimate load = 69 500 lb 



Head travel, in 







TENSION TEST DATA 


JT4CF-503-1 SPECIMEN 


Appl ied 
Load (lb) 

Gage 1 

strain Readings (y 
Gage 2 Gage 3 

Gage 4 

0 

0 

0 

0 

0 

9,540 

405 

600 

619 

464 

19,080 

878 

1192 

1208 

955 

28,620 

1388 

1778 

1795 

1488 

38,160 

1865 

2289 

2289 

1964 

47,700 

2403 

2777 

2810 

2488 

52,470 

2665 

2976 

3017 

2713 

57,240 

2963 

3178 

3230 

2970 

62,010 

3342 

3333 

3355 

3340 

66,780 

3889 

3421 

3678 

3579 

71,600 


Ultimate Load 



TENSION TEST DATA 
JT4CF-503-2 SPECIMEN 


Appl ied 
Load (lb) 

Strain Readings (y! 
Gage 1 Gage 2 Gage 3 

Gage 4 

0 

0 
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0 

0 

9,540 

497 

525 

603 

538 

19,080 

1004 

1038 

1167 

1065 

28,620 

1499 

1559 

1719 

1576 

38,160 

1985 

2072 

2259 

2077 

47,700 

2462 
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2773 

2568 

52,470 

2661 

2848 

3000 
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57,240 
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3108 

3284 
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62,010 

3140 

3341 

3581 

3394 

66,780 

3395 

3617 

3927 

3679 

71,600 

3597 

3901 

4198 

4018 

75,400 


Ultimate Load 
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Tension test data 
Load versus head travel 
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Tension test data 
Load versus head travel 



Head travel, in 
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A-ll 


Head travel, in. 




TENSION TEST DATA 


JT8CF-515 SPECIMEN 


Appl i ed 

' 

Strain Readings (p) 

Load (lb) 

Gage 1 

Gage 2 

Gage 3 

Gage 4 

0 

0 

0 

0 

0 

9,540 

723 

629 

641 

437 

19,080 

1451 

1244 

1238 

828 

28,620 

2155 

1876 

1895 

1204 

38,160 

2842 

2504 

2447 

1579 

47,700 ! 

3485 

3054 

2954 

1940 

52,470 

3579 

3548 

3215 

2144 

57,240 

3890 

3858 ! 

3478 

2323 

62,010 

4220 

4330 

3805 

2507 

66,780 

5405 

4750 

4119 

2698 

71,300 

Ultimate Load 


A-12 











Appl ied load, 1000 lb 





TENSION TEST DATA 


JT12CF-1 SPECIMEN 


Applied 
Load (KIPS) 

Strain Readings (y) 
Gage 1 Gage 2 Gage 3 

Gage 4 

0 

0 

0 

0 

0 

48K 

443 

512 

405 

446 

96K 

885 

948 

832 

879 

140K 

1274 

1320 

1221 

1263 

192K 

1728 

1748 

1700 

1727 

240K 

2157 

2134 

2136 

2142 

264K 

2375 

2321 

2353 

2337 

288K 

2601 

2515 

2570 

2525 

312K 

2833 

2699 

2784 

2712 

336K 

3070 

2915 

2999 

2901 

354K 

Ultimate Load 


TENSION TEST DATA 
JT12IF-5Q1 SPECIMEN 


Applied 
Load (KIPS) 

Strain Readings (y) 
Gage 1 Gage 2 Gage 3 

Gage 4 

0 

0 

0 

0 

0 

48K 

400 

415 

348 

364 

96K 

800 

805 

731 

739 

140K 

1172 

1162 

1089 

1082 

192K 

1629 

1607 

1552 

1517 

240K 

2062 

2024 

1978 

1922 

264K 

2270 

2226 

2180 

2122 

288K 

2474 

2450 

2393 

2325 

31 2K 

2689 

2679 

2626 

2544 

336K 

2943 

2843 

2878 

2816 

350K 

Ultimate Load 


A-14 








qL 0001 ‘peo[. pa.L idd\/ 


A-15 


Head travel , i n 

































Tension test data 

Load versus head travel Ultimate load = 259 000 lb 


LO 



CO C\J OJ r- 

9L 000 L ‘P B °L pauddv 


A-17 


Head travel, in 



TENSION TEST DAI 




A-18 


238 3440 3210 1950 - 3314 4500 4520 1708 3148 3278 2973 1909 - 3273 2939 4230 1652 4307 

252 3510 3511 2090 - 3612 4790 4956 1849 3407 3527 3222 2055 - 3612 3112 4745 1669 4635 



















COMPRESSION TEST DATA 


JC4IF-507 SPECIMEN 



A— 19 











Applied load, 1000 lb 


60 


Ultimate load = 58 400 lb 



A-20 


Applied load, 1000 lb 


70 



A-21 



COMPRESSION TEST DA' 
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COMPRESSION TEST DATA 









Applied load, 1000 lb 




Applied load., 1000 lb 



A-25 


Appl i ed 
Load (KIPS) 

Strain Readings (y) 
Gage 1 Gage 2 Gage 3 

Gage 4 

0 

0 

0 

0 

0 

48 K 

-309 

-316 

-377 

-411 

96K 

715 

699 

737 

795 

140K 

1056 

1027 

1071 

1132 

192K 

1478 

1427 

1495 

1561 

240K 

1892 

1826 

1889 

1959 

264K 

2093 

2010 

2081 

2156 

288K 

2314 

2217 

2287 

2378 

312K 

2533 

2436 

2507 

2605 

336 K 

2798 

2715 

2765 

2886 

360K 

3137 

3014 

3048 

3201 

370K 

Ultimate Load 


COMPRESSION TEST DATA 
JC12CF-5Q3 SPECIMEN 


Appl ied 
Load (KIPS) 


Gage 1 


Strain Readings (y) 

Gage 2 Gage 3 Gage 4 


0 

48K 

96K 

140K 

192K 

240K 

264K 

288K 

312K 

336K 

360K 

384K 

408K 


0 

-321 

702 


0 

-287 

665 

1008 

1432 

1833 

2038 

2241 

2460 

2701 

2884 

3173 


0 

-410 

815 

1175 

1610 

2015 

2225 

2441 

2659 

2908 

3151 

3459 


0 

-491 

919 

1297 

1751 

2165 

2380 

2590 

2809 

3036 

3298 

3575 


Ultimate Load 
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JC24CF-511 SPECIMEN 
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